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PACHET OCH CTPYH B CHOCSILIEM NOTOKE
I. C. IIAHROPOB

B autepartype u3BecTeH psA paGOT MO IKCNEPHUMEHTAALHOMY HCCJAe-
AOB3HHIO (OPMHEL OCH OAHHOYHON ra3oBOfl CTPyH B [J03BYKOBOM CHOCH-
weM nortoke. Pe3yabTaThl ORHOrO0 M3 TAKUX HCCAEJOBAHHH, BHMIOJHEH-
HOTO B JHanasoHe ONpPeAeAAIOIkX NapaMeTPOB, XapaKTePHHX AJS Kamep
CropaHus aBHAUHOHHHX ra3oTypOHHHHX JABHUraTejef, ObIH ONyOJHKOBAHK
aBTOPOM xaHHo# crateu B 1955 roay [l1}]. '

B nocnexsee BpeMs NPeAUPHHATH HONHTKH TEOPETHYECKOrO pac-
yera QOpMH OCH BEEPHHX H NADHBIX IJIOCKHX CTPYA B CBOGOLHOM H
OTPaHHYEHHOM CHOCAIIHX MOTOKAX, OCHOBAHHHE Ha PacCCMOTPEHHH CHI,
BO31eACTBYOUX HA 3AeMEHTapHuA yuacTok cTpyH [2], [3].

: - IlokaxeM, 4TO TaKOf MOAXOX K
y peuleHHI0 3aRaydH 06 H3rube CTPYH
: NPUBOJHT K YIOBJIETBOPHUTEJIbHHM
pe3yJAbTaTaM U B Cjydde OAHHOUHOH,
KPyr/ofi B HaYaJbHOM CeYeHHH, CHO-
CHMOH CTPYyH, PacnpoCTpaHAIEACH
B OJHOPOJHOM HEOTPaHUYECHHOM JO-
3BYKOBOM MNOTOKeE.

Has aroro Ha HekoTopoM pac-

CTOSIHHH OT YCTbs CTPYH, Paciono-

JKEHHOT'O B INIOCKOCTH X0Z, BHAEMANM
€e 3NEeMeHT, NDOTIMEHHOLTLIC

LTSS YU YRV ASY 9 & FiV ) A odd

(¢ur. 1). Bynem cuurtarth, YTO H3TH-
6aomas CTPYI0 aIpOoAMHAMUYECKAS
CHJIa NPONMOPUHOHANLHA CKOPOCTHO-
x MY Hanopy HOPMaJabHOR COCTaBJIsIO-
. Lde . el CKOPOCTH CHOCSUIErO MOTOKA

H YPaBHOBEIIHBAETCA UEHTPOOEKHORK
@ur. 1. Pacuersas cxema crpyH B cuaof. Toraa ycaoBsue panuanbHoro

CHOCHIEM HOTOKE. PaBHOBECHs 3JeMeHTa CTpyH d/ 3anu-
weTcs

dN = dQ, (1)
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CALCULATION OF A JET AXIS IN A DRIFTING FLOW

G. S. Shandorov

The article discusses derivation of a solution for the
problem of deflection of a jet which is subject to drift in
a uniform unbounded subsonic gas flow. The solution is
based on an analysis of forces acting on a jet element and
is applicable to a single jet with an originally circular
cross section.

A series of works is known in the literature on the experimental investi-
gation of the form of the axis corresponding to a single gas jet in a sub- /100%
sonic drifting flow. The results of one such investigation performed in the
region of characteristic parameters which are common for the combustion cham-
bers of aviation gas turbines were published by the author in 1955 (ref. 1).

Recently, efforts have been made to compute theoretically the form of the
axis corresponding to plane fan and twin jets in free, drifting flows based on
the consideration of forces which act on the elementary region of the jet
(refs. 2 and 3).

We shall show that this approach to the solution of the problem on the
inflection of the jet leads to satisfactory results in the case when we have
a single drifting jet whose initial cross section is round and which propa=-
gates in a homogeneous infinite subsonic flow.

For this purpose we isolate a jet element having a length dl at some
distance from the mouth of the jet, which is situated in the xoz plane (fig.
1). We shall assume that the aerodynamic force which bends the jet is propor-
tional to the velocity head of the normal velocity component of the drift-
producing flow and is counterbalanced by the centrifugal force. Then the con-
dition for the radial equilibrium of the jet element dl may be written in the
form

(1)
P} - i
1
wh dN = CxT sin’adld, dQ —— xd? dl' are the aerodynamic and centri-
L R 4 ,
fugal forces. Substituting the expressions for the forces acting on the ele-
ment dl into equality (l) we obtain

C,—"—‘sln’a—_-:%"—,\ (2)
where @ \ /101

*Numbers given in margin indicate pagination in original foreign text.
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q1s dp, q are the velocity heads of the flow producing the drift of the jet at

the initial and running cross sections respectivp1z Me carry out the substi-

tutions ¥ a + W )La

sina = 12 0.5 R= 'l
a+y") -

L]

Then equation (2) will have the form:
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Figure 1. Schematic of the jet Figure 2., Pressure distribution
in the drifting flow. around the initial cross section
of the jet in terms of dimension-

less coordinates:



Before integrating (4) we consider carefully the quantity C, contained in
this equation. 1In the expression for C, (3), three generally speaking, three
variable quantities Cy, q and d are contained in addition to parameters 55 do.
It is known that as we move away from the mouth the decrease in the velocity
head of the jet is accompanied by an increase in its cross section so that the

effect of parameters q and d on the quantity Cn is compensated for to some ex-

tent. In other words, we may assume that:

(5)

As shown in reference 1, the pressure distribution around the jet in the

/102

drifting flow, which determines the quantity C; when the mouth of the jet enters

the flow at an angle oj = 90°, is a function of the ratio of jet and flow im-

pact pressures. Figure 2 shows the pressure distribution profile around the
initial section of the jet in the dimensionless coordinates:

Ap P —Po \\
‘Ap.] ’ ‘P.";?o\

Here Ap, is the maximum rarefaction around the jet,

Ap is the static pressure in excess of the pressure in the unperturbed
drifting flow,

¢ 1is the angular coordinate of the considered point on the surface
around the jet,

¢p 1s the angular coordinate of the point at which the pressure is
equal to the pressure of the drifting flow,

¢, 1s the angular coordinate of the point where the pressure is equal
to Apy.

For the range of ratios 1.5 < qz/ql < 15 investigated in reference 1,

the experimental points lie practically on one curve. In the rear part of the
Sor

jet when @ > @y the spread of ihe poinis is larger than when ¢ < @y, and in
case q2/q1 < 2 there is a systematic departure from the curve due to the in-

creased influence of the wall. For large velocity in the drift flow, the jet
which exists from the nozzle '"adheres'" to the wall. The universal nature of
pressure distribution must obviously be violated also when the velocities of
the drift flow are very small, because as in the limiting case corresponding
to the free jet, the excess pressures at all points of the cross section are
the same and are equal to zero.



When using the universal profile for the pressure distribution around the
jet, we must know the relationships IApml/qZ ¢g and @, as a function of the

ratio q3/q;. (These relationships, which have been determined experimentally,
are shown in the graphs of figure 3.)
As we can see from the graphs, when the ratio qz/ql changes, there is a /103

substantial deformation of the pressure diagram around the jet. The processing
of presented experimental data shows, however, that when q2/q1 varies from 1.5

to 15, the value of C, changes relatively little:1 from 3.5 to 4.5. It should
also be pointed out that in reference 1 the pressure distribution around the
mouth of the jet was determined by draining the nozzle cutoff plane at a dis-
tance of 1.5 mm from the circumference of the output hole. Therefore we can
expect a somewhat higher actual value for C;, specifically a value of the order
of 4.2 - 5,2, In this case the probable values of C, according to (5) are
equal to 2.7 - 3.3.

Assuming, in the first approximation, that the magnitude of C, is constant

along the length of the jet and is the same for different ratios qz/ql, we can

easily integrate the differential equation (4). As a result we obtain:

Y.l &, ' 4
4 vc. . In2[l/(C, C'—‘_)-I+C+c_z]+cw)

/
The constants of integration Cy, C, are obtained from the boundary conditions:

forx=0,y=0, y'-= tgYy.

It follows that

—— —————-—-ln2c
C] si“‘o L] C2 C'l tg /104

Substituting the values of C;, Cp into equation (6), we finally obtain:

y ___l, L) n X c.9 31] )
4o Ca @ cintg [‘/(sm:. o ) slnq. + "' q,d. (D)

lrhe large value of Cy is explained by the presence of rarefaction behind the

drift jet which substantially exceeds the one produced on the surface of a
s0lid cylinder when there is flow around it.
4
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Figure 3. Variation in the maximum dimensionless
rarefaction at the initial cross section of the
jet IApm|/q2 and in the coordinates ¢y and «q as

a function of the ratio of impact heads in the jet
and in the stream.
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Figure 4. Axes of the jets which enter the flow at an
angle og = 60°. The solid lines show the computed axes:

1 - qZ/ql 24.8, 2 - QZ/ql = 16,

3 - q2/q1 = 6.4, 4 - qz/q1 = 2.5,
The circles designate the coordinates which correspond to
axes determined experimentally (according to data contained
in reference 1.)
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Figure 4 shows the axes of jets computed by means of equation (7) when
oo = 60°, C, = 3.0 for various values of q2/q1. The same graph contains the

experimental values of point coordinates corresponding to maximum velocity in
the transverse cross sections of the jet (ref. 1). We can see that when
Ch = 3.0 the computed axes of the drifting jets are in good agreement with the

experimental ones. This confirms that the adopted simplifying assumptions are
valid.
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91 92, g — CKOPOCTHHE HANOPH CHOCALLEFO NOTOKA CTPYH B HEYaAAL-
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Ilepea wunterpupoBanuem (4) pacCMOTPHM BHMMaTedbHee BeaH
uuy C,, BXOAAILYI0O B 3TO ypapHedue. B Bupaxeune aasa C, (3), NOMHMG
Ha4aNbHHX NapaMeTpoB ¢,, d,, BXORAT TPH, BOOOGILEe roBOps, nepemen:
Hue BelHuHHH: C,, ¢ u d. M3BecTHO, uTO NO Mepe YAaJeHHS OT YCThs
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102 I. C. Wannopos

€€ CEYeHHMA, TAK YTO BaAUgHMe napameTpos ¢ H d Ha Beanuuny C, B ka-
KOR-TO Mepe KomMneHcupyercsa. Hunage TOBOPR, MOXHO MOMNOXHTH:
- CGe2& (5)
Pacnpepenenne AaBAeHHA BOKpyr CTPYH B CHOCAWIEM MOTOKe, ompe-
Acagiomee Beanunny C,, xag 610 noka3zano s padote (I} mna ycrba
CTPpyH, BYomsumeR B norok nox yrioM a, =90° sapamerca dynxnues
OTHOWEHHA CKOPOCTHHX HAMOPOB CTPYH M noTtoka. Ha ¢ur. 2 npusegen
NpoHAL pacrpenenenus ‘NaBreHUs BOKPDYT HAa4a/JLHOro ceyeHus CTPYH
B Ge3pa3MepHmx KOOpiHHaTax:

Ap P — P,
—-———.
(8P 1 " 9pm — oo
SAECb Ap,,,— MaKCHManbHoe paspexenue BOKDYyT CTDyH,
Ap-cramqecxoe AaBJIeHHe, HsGHTO'{HOe OTHOCHTEABLHO AasJje-
Huss B Heaosuyuzefmom CHOCsAeM noroke,
?-—ymosax' KOoopauHara Texymeﬁ TOYKH OKDYMXHOCTH BOKDYT
CTpyH,
Po — YII10Bas KOOpauHaTa TOUYKH, JaBJeHHe B KOTOPOﬂ paBHo
JaBJAE€HUIO B CHOCamewm NoToOKe,

P — YIA0OBas KOOpAHHaTa TOYKH, JaBiaeHHe B KoTOpO#A PaBHO
A

B HCCJIEAOB:"IHE;HOM- B pabore:[1] nnanasone OTHOWeHnR 1,5 < ¢,/g,<15

BHAHO HADYMWIATLCA H 1upH oyenp MaJHX CKODOCTAX CHOCsimero HOTOKa,
TaK KaK B OpexeabHOM Clydae, COOTBETCTByIOWEM CBOGOjHOR cTpye,
H36HTOUNHE NaBaeHus Bo BCEX TOYKAX CEYCHHS OZMHAKOBN m paBHK

Ipu noav3opanuy YHHBEDCABHUM apodunem pacnpenenenns naB-
ACHUA BOKDYT CTPYH HEOGXOAUMO 3HaTh SaBUCHMOCTH |Ap,{/q,, o) u'o,
OT OTHOIEHHS ¢,/q,. (dtn 3aBHCHMOCTH, oOnpeneseHyme 3KCNMepHMeH-
TAAbL1I0, NPHBEACHB Ha rpaguxax ur. 3). ' '
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Pacaer ocu crpyn B crocsmen noroke . 103

Kax pngno u3 rpadukos, ¢ uamenemmen OTHOWEHHA ¢,/q, MPOUCXO-
LUT SHITUTCNLHAN ACQOPMANNA SMOPH AarAeHUd BOKpYr ctpyun. OGpa-
GOTKA NDUC2AEHHMX ONMTHHX AAHHILX TIOKA3LIBRET, OAHAKO, YTO NpPX
u3ueHerun ¢o/qy oT 1,5 a0 15 meamunna C, H3MEHSETCA CPABHHTEABLHO
maro: Y ot 3,5 no 4,5. Caenyer tawce ortmerurs, urto B {1] pacnpepe-
JEHHE MADAEHIS BOKPYr YCThSl CTPYH ONPEReAsnoCh nyTeM apeunaxa
IICCKOCTH CP22a CONAA HA PACCTORHUK 1.5 42 OT OXPYRHOCTH BLIXOA-
HOTO oTzepcTHA. [103TOMY MOMHO OXHAATH HECKOALKO 66abwero ¢dak-
THSCCKOrO 3Hawenns C,, a uMeHHO —nopsaxa 4,2 -+ 5,2, IMpu 3toxm
Bepoariwe 3navenun C,, coraacHo (5), papum 2,7 -+ 3,3.

Tpuuas B nepsom npuGauxennn Beauuuiy C, NOCTOAHHON N0 Anuue
CTPYH H OLNHAKOBOM AASl PA3HHX OTHOMEHUH ¢,/q,, MOXHO Ge3 TpyAa
IPORHTErpHpOEaTh AudiHepeHunanbHoe ypaBHenue (4). B pesyasrare
NOAyqHM:

y 1 g [ . o ox\? @ x} -
L1l @ g0 G+CL IV _11c 40 2L,
4 Ca @ l/( 1+ " g, do) Het "a d +'2(6)

ITocTosnHMe HHTerpupopanng Cy, C, HafineM H3 IPaHMYNHX YCAOBHMA:

mpr x =0, y=0, y' =tga,

Ape

724>
/ L
, / )74 e O
' M | b
YA
] 1%7
0 \ 1 2 . 3 4 ‘g-

@ur. 4. Ocu crpyRt, sxorsmux B MOTOK noa yraon a, = 60°,
Crrompian aunnauu NOxazamy pacaernue ocu:
I-- 4"/‘71 = 24v8v 2 - ‘I:/QI = 16’
3—q:/q1 =64, € — qa/q1 = 2.5.

Kpyxcxamn oboanavenu xoopausarn COOTBETCTBYOIHK Ocedt,
OMPEACKEHHNL SUCMEPUMEHTAbIO (N0 JaHUuM paGoTH [1]).
.
—_——

1) Bonbiras cerutina C, ofpacusercs raxugieM PrILenelnt 33 CHocHuoft crpyefi,
SHAYMTENLIZ0 NECELINIININLIO TO, KOTOPOE CO2TACTCR EA NOLCPXHOCTH T2EpZoro LHIMHaApA
apH oJrersii ere noTouc:,
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104 T. C. Wanzopor

Orciona i

- 1. 8 %
G sm%.c, c qln2ctg2

Toacrasns 3nauenna C;, C, B ypaBnenne (6), OKOHYUATENALHO NOAYYHM: i

L S (——- C—-———)-—-l — @ X,

de  Cp ¢ g 2 sin % T Ca qa d, + sin a, + G, qs d, E
(7) &

Ha ¢ur. 4 n3o6Gpaxenn ocn cTpyfd, paccuntannne mo dopmyae (7)
npi a,=60°, C,=3,0 u pasuux 3nauenuax q,/q;. Ha sror xe rpadux

HAHECEHH 3KCNEPUMEHTAALHME 3HAYEHUA KOOPAMHMAT TOWEK, COOTBer-
CTBYIOLUIX MaKCHMAALHOR CKODOCTH B NONEPEUYHHX cedeHuax cTpy# [1).
Bunno, ato npu 3Havewuun C,=3,0 pacueTHHE OCH CHOCHMHX cTpy
YAOBAETBOPHTEALHO COTJACYIOTCH C 3KCIEPHMEHTaNIbRHMH. [locaennee

CBRACTENLCTBYET O NPHEMJEMOCTH MNPHHATHX YHPOILAIOUMIMX NPefnoao-
KeHnufl.
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CALCULATION OF A JET AXIS IN A DRIFTING FLOW

G. S. Shandorov

The article discusses derivation of a solution for the
problem of deflection of a jet which is subject to drift in
a uniform unbounded subsonic gas flow. The solution is
based on an analysis of forces acting on a jet element and
is applicable te a single jet with an eriginally eircular
Cross section.

A series of works is known in the literature on the experimental investi-
gation of the form of the axis corresponding to a single gas jet in a sub- /100%*
sonic drifting flow. The results of one such investigation performed in the
region of characteristic parameters which are common for the combustion cham-
bers of aviation gas turbines were published by the author in 1955 (ref. 1).

Recently, efforts have been made to compute theoretically the form of the
axis corresponding to plane fan and twin jets in free, drifting flows based on
the consideration of forces which act on the elementary region of the jet
(refs. 2 and 3).

We shall show that this approach to the solution of the problem on the
inflection of the jet leads to satisfactory results in the case when we have
a single drifting jet whose initial cross section is round and which propa~
gates in a homogeneous infinite subsonic flow.

For this purpose we isolate a jet element having a length dl at some
distance from the mouth of the jet, which is situated in the xoz plane (fig.
1). We shall assume that the aerodynamic force which bends the jet is propor-
tional to the velocity head of the normal velocity component of the drift-
producing flow and is counterbalanced by the centrifugal force. Then the con-
dition for the radial equilibrium of the jet element dl may be written in the
form

dN=dQ, i (1)

where dN = Cxi%f‘_ sin? edld, Q= % % d! are the aerodynamic and centri-

fugal forces. Substituting the expressions for the forces acting on the ele-
ment dl into equality (1) we obtain

N !
C,,—(‘lsmza=&, (2)
qs - R
where : : /101

*Numbers given in margin indicate pagination in original foreign text.
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Cp=2=x 2
I q

- (3)

q1> 4y, q are the velocity heads of the flow producing the drift of the jet at

the initial and running cross sections respectively. We carry out the substi-

tutions

Sina =

e

Figure 1.
in the drifting flow.

Schematic of the jet
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Then equation (2) will have the form:
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Tigure 2. Pressure distribution
around the initial cross section
of the jet in terms oi dimension-

less coordinates:
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Before integrating (4) we consider carefully the quantity C, contained in

this equation. In the expressio.. .o C_ (3), three generally speaking, three
3y

variable quantities Cy» q and d are contained in addition to parameters 45, d

It is known that as we move away from the mouth the decrease in the velocity

head of the ‘et is accomvaﬁled by icrease in its cross section so that the

an
effect of puivmeters q and < on tae quantity Cn is compensated for to some ex-

tent. In other words, we may assume that:
o~ o
XL, (5)

As shown in reference 1, the pressure distribution around the jet in the

0°
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drifting flow, which determines the quantiiy C, when the mouti of the jet enters

Q . ~ . . . .
the flow at an angle oy = S0, is a Iunction of the ratio of jet and flow im-

pact pressures. Figure 2 shows the pressure distribution profile arcund the
initial section of the jet in the dimensionless coordinates:
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Here Ap, is the maximum rarefaction around the jet,

Ap 1is the static pressure in excess of the pressure in the unperturbed
drifting flow,

¢ 1s the angular coordinate of the considered point on the surface
around the jet,

¢y 1is the anguiar coordinate of the point at which the pressure is
equal to the pressure of the drifting flow,

@, Is the angular coordinate of the point where the pressure is equal
to Apy.

For the range oi ratios 1.5 < qz/ql < 15 investigated in reference 1,

the experimental points lie practically on one curve. In the rear part of the
jet when ¢ > @ the spread of the points is larger than wien ¢ < ¢, and in
case qZ/ql <2 there is a systematic departure from the curve due to the in-
creased influence of the wall. For large velocity in the dr f ow, the jet
which exists from the nozzlie "adheres" to the wall. The uni nature of
pPressure distribution must obviously be violated also when the velocities of
the drift flow are very small, because as in the limiting case cor reabondLno
to the free jet, the excess pressures at all points of the cross section are
the same and are equal to zero.
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When using the universal profile for the pressure distribution around the
jet, we must know the relationships lApmi/qZ, ¢g and @, as a function of the

ratio q2/q1. (These reiationships, which have been determined experimentally,
are shown in the graphs of figure 3.)

As we can see Irom the graphs, when the ratio qz/q1 changes, there is a 103
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substantial deformation of the pressure di

a at. The processing
of presented experiuscutal data shows, however, chal waen

qz g, varies from 1.5
e

o

-
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to 15, the value of C; changes relatively little: from 3.5 to 4.5. It should

also be pointed out that in reference 1 the pressure distribution around the
mouth of the jet was determined by draining the nozzle cutoff plane at a dis-
tance of 1.5 mm from the circumference of the output hole. Therefore we can
expect a somewhat higher actual value for Cy, specifically a value of the order
of 4.2 - 5.2. 1In this case the probable values of C, according to (5) are

equal to 2.7 - 3.3.

1

Assuming, in the first approximation, that the magnitude of C, is constant

along the length of the jet and is the same for different ratios qz/ql, we can

A
s/

easily integrate the differential equation {(4). As a result we obtain:
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for x =0, y =0, y'= £gdy.
It follows that
=== Ly TR . .
i singg ~ Crn & vz 1C4

Substituting the vaiues of C-, C) into equation (6), we finally obtain:
- C - - , R
1y . ; ¢ i T / ’ —~ s \. ; N . . I (7)
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Irhe large value of G, 1s exdpialiaed

L

e
drift jet which substanci exCaeLs Cae Oneé produced on dae suria
solid cylinder when chere is Li0w arvound it.

4




‘o O 1 1 7 T ]
¥y ot | | 416901
: I ‘\%\?\\hnl ;‘ L'/z
i i ! o
; , ! ¢
- | ! :
d T 1 : 10
i ¢ ¢
| b
- H H B
o ! ! i .
el T S
- i Vs ! N
T = ey
—i— H H 0
; v*‘»\\\ —~— ,’ IT P i
3 f . i i
i ¥ | —— [ ——— 1
! | i 0
.-‘ [ £
~ i i : : J. M
~ & S iz -
¥
(£}

igure 3. Variation iIn the maximum dimensionless
relactio ‘ initial cross section of the
i/q2 and in the coordinates @y and o as
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Figure 4. Axes of the jets which enter the flow at an
angle oy = 60°. The solid lines show the cow..uted axes:
I - cplgy = 24.8, 2 - qp/qy = 18,
3 - q:/ql = 6.4, L o= qZ/ql = 2.5,
The ¢l

rcles designate the coorcinates which correspond co
axes cetermined experimentally (according to data contained
in reference 1.)
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Figure 4 shows the axes of jets computed by means of equation (7) when
o . . - .
@g = 607, C, = 3.0 for various vaiues of ¢p/qy. The same graph contains the

experimental values of point coordinates corresponding to maximum velocity in
the transverse cross seccions ¢ the jet (ref. 1l). We can see that when

Chp = 3.0 the computed axes of the drifting jets are in good agreement with the
experimental ones. This confirms thac the adopted simplifying assumptions are
valid.
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